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Abstract

Background and Objective Since the initial coronavirus disease outbreak in late 2019 (COVID-19), reverse-transcription real-
time polymerase chain reaction (RT-qPCR) has become the gold standard test to detect severe acute respiratory syndrome-
related coronavirus 2 (SARS-CoV-2). However, a more sensitive and accurate diagnostic tool was required. Therefore, droplet
digital polymerase chain reaction (ddPCR) was suggested as an alternative method. Here, we evaluated the performance of
ddPCR to detect SARS-CoV-2 and compared it to the performance of RT-qPCR.

Methods The analytical performances, including limit of blank and limit of detection, were established using positive and
negative SARS-CoV-2 reference materials. A total of 366 RNA extracts (173 positive and 193 negative by RT-qPCR) were
collected from four institutions and tested with a Bio-Rad SARS-CoV-2 ddPCR kit that detects the SARS-CoV-2 genome
using primers for N1 and N2.

Results Limit of blank was set at 0, and the limits of detection of N1 and N2 were 1.99 copies/uL and 5.18 copies/pL,
respectively. Linearity was evaluated using serial dilution samples, which demonstrated good results (R*: 0.999, linear range:
5.88-6825.25 copies/pL for N1 and R%: 0.999, 5.53-5855.47 copies/pL for N2). The results of ddPCR and RT-qPCR revealed
substantial agreement (Cohen’s kappa: 0.639, p < 0.01). The 63 samples with positive ddPCR but negative RT-qPCR showed
low copy numbers, and 55% of them had COVID-19-related symptoms.

Conclusions Droplet digital polymerase chain reaction demonstrated excellent sensitivity for SARS-Cov-2 detection and
consistently agreed with the results from conventional RT-qPCR. Furthermore, ddPCR provided quantitative data that can
be used to monitor changes in the viral load of patients with COVID-19.

Since severe acute respiratory syndrome-related coro-
navirus 2 was spread globally, reverse-transcription
real-time polymerase chain reaction became a common
diagnostic tool for diagnosing coronavirus disease 2019
in many countries.
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progressed and become available recently, was high-
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of its superior analytical sensitivity and quantification
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1 Introduction

Coronavirus disease appeared in late 2019 (COVID-19) and
spread globally to become a pandemic by 2020. COVID-19
is the disease caused by infection with severe acute respira-
tory syndrome-related coronavirus 2 (SARS-CoV-2), which
belongs to the genus Betacoronavirus. This infectious dis-
ease is characterized by typical symptoms of other coronavi-
rus infections, such as fever, cough, fatigue, pneumonia, and
diarrhea. COVID-19 also often causes neurologic symptoms
including the loss of taste or smell, headache, and muscle or
joint pain. COVID-19 is mainly spread through breathing,
and is very highly infective [1-4]. Therefore, rapid diagnosis
and patient isolation are both very important to control the
pandemic.

The current diagnosis of COVID-19 depends on nucleic
acid amplification tests, and recently, many new methods
such as loop-mediated isothermal amplification or CRISPR-
based assays were developed. The serologic tests using the
antigen/antibody of SARS-CoV-2 was also introduced and
used for specific purpose or limited circumstance [5-7]. In
particular, reverse-transcription quantitative real-time poly-
merase chain reaction (RT-qPCR) to identify the target gene
of SARS-CoV-2 is a common diagnostic method performed
from the early stage of the pandemic in many clinical labo-
ratories. SARS-CoV-2 is a single positive-strand RNA virus
consisting of ten open reading frames (ORFs) [8]. There
are many types of RT-qPCR targeting the ORFlab, RNA-
dependent RNA polymerase (RdRp), Spike (S), Envelope
(E), and/or Nucleocapsid (N) genes of SARS-CoV-2 [9-12].
Conventionally, RT-qPCR is a validated, sensitive molecu-
lar diagnostic tool that is used to detect infectious patho-
gens. However, during massive testing for COVID-19, sev-
eral studies discussed the concern of false-negative results
using RT-qPCR [5, 13-16]. Therefore, more sensitive and
accurate diagnostic tools are required. A few studies have
suggested the use of droplet digital polymerase chain reac-
tion (ddPCR) as an alternative diagnostic method to RT-
gqPCR [17, 18]. Droplet digital polymerase chain reaction
is a precise molecular diagnostic method that can quantify
nucleic acid without a standard curve, which is necessary for
quantification with RT-qPCR. In the past, ddPCR was evalu-
ated for detecting viral pathogens such as cytomegalovirus,
hepatitis B virus, or mutant influenza virus [19-21]. More
recently, ddPCR has been found to be useful for detecting
SARS-CoV-2 in various conditions and situations [22-26].

In this study, we evaluated the analytical and clinical
performance of ddPCR for detecting SARS-CoV-2. We
analyzed the detection capability, precision, and linearity of
ddPCR, and compared the results of clinical samples with
those from RT-qPCR. We also obtained quantitative results
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from ddPCR and studied the changes in the viral load of
patients with COVID-19 during treatment.

2 Methods and Materials
2.1 Clinical Sample Collection and Preparation

A total of 366 clinical samples were used from four medical
institutions including Seoul St. Mary’s hospital (CMC1),
Incheon St. Mary’s hospital (CMC2), Uijeongbu St. Mary’s
Hospital (CMC3), and Samkwang Medical Laboratories.
The extracted RNA samples were collected after a COVID-
19 RT-qPCR test from 330 nasopharyngeal (NP) swabs, 28
sputum samples, and eight blood samples between March
2020 and June 2020 (Table 1). Patient medical records,
including their clinical findings and subsequent laboratory
and radiologic results, were reviewed in cases in which there
were discrepant results between RT-qPCR and ddPCR. This
study was approved by the Institutional Review Board (IRB)
of the Catholic Medical Center, Seoul, Republic of Korea,
and by the IRB of Samkwang Medical Laboratories. The
requirement for informed consent was waived (IRB No.
XC20SIDEO0109, IRB No. S-IRB-2020-016-06-30).

2.2 Materials for Performance Evaluation

According to the CLSI document EP17-A2 [27], limit of
blank (LOB) was defined as the highest observable meas-
urement result assumed to be found when reproductions of
a blank sample are examined with a probability of 0.05 of
falsely claiming its presence. Limit of detection (LOD) was
defined as the lowest concentration of analyte that can be
consistently detected in > 95% of samples tested. Accu-
Plex™ SARS-CoV-2 reference material (Cat. No. 0505-
0126, Batch Number 10483977; Seracare, Milford, MA,
USA) was used to evaluate these detection performances
of ddPCR. It contains positive reference material with 5203
copies/mL of SARS-CoV-2 genomic RNA including ORFla,
RdRp, E and N genes, and negative reference material with
3900 copies/mL of human RNase P. The LOB was deter-
mined after measuring the negative reference material 20
times. For the LOD analysis, we prepared six concentrations
of each 120 pL through a serial four-fold dilution of the posi-
tive reference material with the negative reference material
(1:1, 1:4, 1:16, 1:32, 1:256, 1:1024). The LOD was calcu-
lated with a probit analysis by measuring the diluted materi-
als 10-13 times. Linearity and reproducibility were evalu-
ated using pooled clinical samples. We selected five positive
samples with high copy values (34,465.88-44,269.68 cop-
ies/pL of N1, 31,222.2-41,391.68 copies/pL of N2). After
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Table 1 Sample description and characteristics from each institution
Institution CMCl1 CMC2 CMC3 SML Total
RT-qPCR interpretation  Positive® Negative Positive  Negative Positive  Negative Positive Negative Positive®  Negative
Sample type
Nasopharyngeal swab 60 111 4 28 19 0 59 49 142 188
Sputum 23 3 0 2 0 0 0 0 23 5
Blood (serum) 8 0 0 0 0 0 0 0 8 0
RT-qPCR kit°
PowerChek 7 0 30 17 0 59 49 83 79
Allplex 76 7 0 0 0 0 0 0 76 7
STANDARD M 0 0 4 0 2 0 0 0 6 0
Real-Q 8 107 0 0 0 0 0 0 8 107
Total 91 114 4 30 19 0 59 49 173 193

CMCI Seoul St. Mary’s Hospital, CMC2 Incheon St. Mary’s Hospital, CMC3 Uijeongbu St. Mary’s Hospital, C, quantification cycle, RT-gPCR
reverse-transcription quantitative real-time polymerase chain reaction, SML Samkwang Medical Laboratories

“Indeterminate samples with one or more target gene C, values above the positive criteria were considered positive in the sample count, and

included in the qualitative analysis

*PowerChek™ 2019-nCoV Real-time PCR Kit (KogeneBiotech, Seoul, Republic of Korea), Allplex™ 2019-nCoV Assay (Seegene, Seoul,
Republic of Korea), STANDARD M nCoV Real-Time Detection Kit (SD Biosensor Inc., Suwon-si, Gyeonggi-do, Republic of Korea), Real-Q

2019-nCoV Detection Kit (BioSewoom, Seoul, Republic of Korea)

pooling the samples, we diluted these with the negative
samples serially at five concentrations (1:10, 1:100, 1:1,000,
1:10,000, 1:100,000). Each dilution was prepared and stored
as ten aliquots initially, and two tests were performed every
day for each concentration.

2.3 RT-qPCR for SARS-CoV-2

Four types of RT-qPCR were used at each institution
(Table 1). CMCI1 used the alphaPrep™ Viral DNA/RNA
Extraction Mini-Kit (Cat. No. VID-C110, VID-C120;
AlphaGene, Seongnam-si, Republic of Korea) on a NC15-
PLUS instrument (Cat. No. HWTD-01-32, HWTD-01-48;
Hanwool TPC Co., Bucheon-si, Republic of Korea) for RNA
extraction. These were tested using the PowerChek™ 2019-
nCoV Real-Time PCR Kit (Cat. No. R6900TD; KogeneBio-
tech, Seoul, Republic of Korea; PowerChek kit), Allplex™
2019-nCoV Assay (Cat. No. RP10243X/RP10252W; See-
gene, Seoul, Republic of Korea; Allplex Kit), or Real-Q
2019-nCoV Detection Kit (Cat. No. BS7nCoV; BioSewoom,
Seoul, Republic of Korea; Real-Q kit). CMC2 and CMC3
used the AdvanSure Nucleic Acid R Kit on the AdvanSure
E3 System (Cat. No. YETS0001EG; Cat. No. YSTPO500KG
[Strip]; LG Chem, Republic of Seoul, Korea) for RNA
extraction, and were tested using the PowerChek Kit (Kogen-
eBiotech) or STANDARD M nCoV Real-Time Detection
Kit (Cat. No. M-NCOV-01; SD Biosensor Inc., Suwon-si,
Republic of Korea; STANDARD M kit). Samkwang Medical
Laboratories used the NX-48 Viral NA Kit (Cat. No. VN101,
VNI111, VN121; Genolution, Seoul, Republic of Korea) on a

Nextractor NX-48 instrument (Cat. No. NX-48; Genolution),
and were tested using the PowerChek Kit (KogeneBiotech).
The PowerChek, Real-Q, and STANDARD M Kits target
the RdRp and E genes of SARS-CoV-2. The Allplex Kit also
targets the RdRp, E, and N genes. All RT-qPCR tests were
performed according to the manufacturer’s instructions and
analyzed on a CFX96 Real-Time PCR with a C1000 thermal
cycler (Cat. No. 185-5096; Bio-Rad, Hercules, CA, USA).
The collected RT-qPCR results included qualitative results
as positive, indeterminate, or negative with a quantification
cycle (C,) value for each target gene. The detail protocols
were described in Table S1 of the Electronic Supplementary
Material (ESM).

2.4 ddPCR for SARS-CoV-2

We described the details and protocol of ddPCR according to
the dAMIQE2020 guideline [28]. Droplet digital polymerase
chain reaction for SARS-CoV-2 was performed using the
Bio-Rad SARS-CoV-2 ddPCR Kit (Cat. No. 12008202, Cat.
No. 1864021, Cat. No. COVO019, and Cat. No. COV000) and
the QX200 ddPCR system (Bio-Rad). The kit includes two
primer sets (N1, N2) reported by the Centers for Disease
Control and Prevention [29] for SARS-CoV-2 detection, and
one primer set for the human RNase P gene as the internal
control. The tests were performed according to the manufac-
turer’s instructions for use as detailed: based on one sample,
16.5 pL of the RT Master Mix (which consists of 5.5 pL of
Supermix, 2.2 pL of reverse transcriptase, 1.1 pL of 300
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mM dithiothreitol, 1.1 pL. of 2019-nCoV CDC ddPCR Tri-
plex Probe Assay, and 6.6 pL of RNase/DNase free water)
was prepared. Next, the 5.5-pL template (RNA extract or
reference material) was added to 16.5 pL of thr Master Mix
in a well on a 96-well plate. The droplets were then gen-
erated by the QX200 Automated Droplet Generator. After
droplet generation was completed, PCR amplification was
performed using a GeneAmp™ PCR System 9700 (Cat. No.
4413750; Thermo Fisher Scientific, Waltham, MA, USA) as
follows: 50 °C for 60 minutes, 95 °C for 10 minutes, 94 °C
for 30 seconds, and 55 °C for 60 seconds repeated over 40
cycles, then 98 °C for 10 minutes, and 4 °C for 30 minutes.
At every run, the ExactDx Standard and ExactDx Negative
(Exact Diagnostics, Fort Worth, TX, USA) materials were
included as external positive and negative controls.

Next, the amplified droplet plate was read using the
QX200 Droplet Reader and analyzed with the QuantaSoft™
Analysis Pro 1.0.596.0525 (Bio-Rad). The data analysis
process using QuantaSoft™ Analysis Pro is described in
Fig. S1 of the ESM. The ddPCR results were interpreted
as “positive” in cases of more than one positive droplet in
either N1 or N2, according to the instructions for use. The
quantitative result was presented initially as the copy value
(copies/pL) of the reaction volume (22 pL), which was total
volume of the Master Mix (16.5 pL) and template (5.5 pL).
This initial copy value was automatically calculated from
the proportion of positive droplets showing N1 or N2 probe
fluorescence intensity over the threshold compared to the
number of total counted droplets by QuantaSoft™ Analy-
sis Pro software. This value was then multiplied by four to
be converted to the copy value (copies/pL) of the template
(5.5 pL), which reflects the nucleic acid concentration of
the template, or RNA extract. This template copy value was
used in this study.

2.5 Statistics

Linearity was evaluated using polynomial and linear regres-
sion methods based on four replicated test results from each
concentrate, as the log transformation of the copy value. Pre-
cision was analyzed by calculating the mean, standard devia-
tion, and percent coefficient of variation of the copy value
of ten replicates in each concentrate. Before the analysis,
the results that were 1.5 interquartile range above the third
quartile or 1.5 interquartile range below the first quartile in
each dilution group were recognized as outliers using the
box-whiskers plot and excluded. In addition, we compared
results from the ddPCR with those from RT-qPCR. The
agreement and Cohen’s kappa were evaluated for qualitative
results. Pearson’s correlation analysis and linear regression
were performed and the Bland—Altman plot was presented to
compare the quantitative results of the C, value of RT-gPCR
and the copy value of ddPCR. All of the statistical analyses
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were performed using SPSS Statistics 20 (IBM, Armonk,
NY, USA) and Microsoft Excel 2019 (Microsoft, Redmond,
WA, USA) software.

3 Results

3.1 Analytical Performance of ddPCR
for SARS-CoV-2

Nineteen of 20 negative reference materials showed 0 cop-
ies/pL in both N1 and N2, except one that showed 0.09 cop-
ies/pL by one positive droplet in N1. Therefore, the LOBs
of ddPCR for N1 and N2 were evaluated as 0 with 95%
probability. The LODs were obtained from probit analysis
by repeated tests of six serial dilutions. The LODs for N1
and N2 in the RNA extract were evaluated as 1.99 copies/
pL (95% confidence interval [CI] 1.38-3.98 copies/uL) and
5.18 copies/pL (95% CI 3.33-12.93 copies/pL), respectively.

During linearity evaluation, the results of the first dilution
(1:10) with very high copies were excluded because they
could not be adjusted to the linear model (Fig. 1). Polyno-
mial regression analysis demonstrated good correlation in
both linear and cubic curve models for N1 (R? = 0.9994 and
0.9995, p-value: 4.30 x 10* and 4.52 x 10", respectively)
and N2 (R* = 0.9986 and 0.9986, p-value: 2.22 x 10! and
2.02x 1077, respectively). Based on these results, the linear-
ity ranges of the ddPCR copy values for measuring the N1
and N2 genomes were established as 5.88—-6825.25 copies/
pL for N1 and 5.53-5855.47 copies/pL for N2 in this study.
The precision was evaluated by repeated tests of five serial
dilutions and revealed acceptable percent coefficients of
variation of the N1 and N2 copy values as 4.47-15.94% and
9.1-38.84%, respectively (Table S2 of the ESM).

Because ddPCR presented the absolute copy value of
SARS-CoV-2, we performed Pearson correlation and pol-
ynomial regression analyses to compare the quantitative
results. The copies of N1 and N2 were excellently correlated
(R: 0.966, p < 0.01), but differed within each sample. When
comparing the agreement between N1 and N2, the positive
percent agreement, negative percent agreement, and over-
all percent agreement were 90.86%, 74.44%, and 82.79%,
respectively. Then, ten log-scaled copy values of N1 and N2
were compared with the C, values of each target gene from
RT-qPCR. Negative results (0 copies/puL, which could not be
log-scale transformed) and outliers, including unmeasurable
copy values (> 4,000,000 copies/pL) and results out of the
linear range of ddPCR, were excluded from the analyses.
The total counts of samples included in analysis and counts
sorted by the original specimen type as NP swab/sputum
were 67 (60/7), 65 (59/6), and 22 (17/5) in N1 to RdRp, E,
and N, and 66 (59/7), 69 (62/7), and 24 (19/5) in N2.
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Fig. 1 Linearity evaluation of droplet digital polymerase chain reac-
tion performance to measure N1 and N2. The horizontal axis is the
dilution ratio of the pooled sample (1:x). The vertical axis is the log-
scaled copy value. Regression equation was denoted with y, 10 log-
scaled copy value (copies/mL), and x, dilution ratio. The linear model

When comparing with results from RT-qPCR, the N1
and N2 copies showed a better correlation with the C, of
the N gene (R: — 964 and — 0.891) than they did with those
of RdRp (R: — 0.941 and — 0.821) and E (R: — 0.931 and
— 0.811) genes. According to the RT-qPCR kits, the Pow-
erChek and Allplex kits were significantly correlated with
N1 and N2 copies. In particular, the N2 copy was strongly
correlated with the Cq values of the Allplex kit (— 0.975,
— 0.940, and — 0.946 with RdRp, E, and N, respectively).
The regression analysis also showed good linear relation
between the C; and copies, showing significant R? to RdRp,
E, and N (0.886, 0.866, and 0.928 with N1; 0.674, 0.658, and
0.794 with N2, p < 0.01 in all pairs). Bland—Altman plots
with predicted C, values from a regression equation using
the copy value of ddPCR compared to a measured C, value

621
8.0
y = 1.0107Log(x) + 8.7904
o 7.0
z Rz =0.999
S o
g E OO
z 9
8 &
S g 50
o O
s 9
7]
4 4.0
o
-l
3.0
108 10 103 102
b Dilution Ratio of Pooled Sample
0.080
0.060
0.040 [
N E 0.020
- [e]
5 g 0.000 0 J
T g 1
3 o -0.020
o o
~ -0.040
-0.060
-0.080
10%  10*  10® 10?2
q Dilution Ratio of Pooled Sample

and cubic model of N1 (a) and N2 (b) was evaluated with four serial
dilutions. The differences between the measured and predicted val-
ues in N1 (c) and N2 (d) was presented as the deviation plot with the
log-scaled copy value unit (an allowable deviation from linearity was
shown as 1% in a dotted line)

of RT-qPCR are presented in Fig. 2, where no markable
systemic bias or difference was observed. Furthermore, most
results were within the limit of agreement in both N1 and
N2. However, plots of N2 showed a relatively wider range
of limit of agreement (upper limit: 3.78—4.00, lower limit:
—4.00 ~ — 3.78) than that of N1 (upper limit: 1.78-2.22,
lower limit: — 2.22 to — 1.78).

3.2 Clinical Performance of ddPCR for SARS-CoV-2

All of the clinical samples demonstrated positive results for
the RNase P gene, which is an internal control of the ddPCR
test. A total of 299 samples showed consistent results with
RT-qPCR and ddPCR, as follows: positive RT-qPCR and
ddPCR (RT(4+)dd(+), n = 169) and negative RT-qPCR and
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ddPCR (RT(-)dd(-), n = 130). In contrast, there were dis-
crepant results in 67 samples, as follows: positive RT-qPCR
and negative ddPCR (RT(+)dd(-), (n = 4); and negative
RT-qPCR and positive ddPCR (RT(-)dd(+), (n = 63). The
positive percent agreement, negative percent agreement, and
overall percent agreement, which were calculated between
RT-qPCR and ddPCR, were 97.7%, 67.4%, and 81.7%,
respectively. Cohen’s kappa coefficient (x) was 0.639 (95%
CI 0.601-0.677), which suggests substantial agreement.
The detailed description with the sample distribution and
interpretation in the subgroups is summarized in Table S3
of the ESM.

Next, we investigated the samples with discrepant results.
The C, values of RT-qPCR were high in the RT(+)dd(-)
samples, referring to a low viral burden or indeterminate
result. Likewise, the RT(-)dd(+) samples showed low cop-
ies of N1 and N2. The copies of the RT(-)dd(+) samples
were not significantly different with RT(+)dd(-) (Table 2,
Fig. S2 in the ESMO. Six RT(-)dd(+) samples came from
COVID-19-infected patients after post-admission day #7.
We reviewed the available medical records from 49 patients
with RT(-)dd(+) who were screened for COVID-19 infec-
tion (Table S4 of the ESM). Twenty-seven patients (55.1%)
presented with COVID-19-related symptoms [30] including
fever, myalgia, sore throat, headache, vomiting and/or diar-
rhea. Thirty-nine patients (79.6%) were followed, and none
was diagnosed or treated for COVID-19 infection.

3.3 Monitoring Viral Load by ddPCR

We monitored the viral load from eight patients who were
treated for COVID-19 infection in CMC1. Most patients
improved during treatment, except one whose symptoms
worsened requiring treatment in the COVID-19 intensive
care system. We found that the viral loads changed vari-
ably in each patient during follow-up (Fig. 3). In improved
patients, the median viral loads of N1 and N2 in the NP
swabs on the day of admission day were 1684.5 copies/pL
and 1600.6 copies/pL, respectively. The copy values of the
NP swabs decreased with each admission day. The median
viral load of N1 and N2 at the last follow-up (post-admission
day #12 to #27) before transfer to a residential treatment
center were 0.8158 copies/pL and 1.4 copies/pL, respec-
tively. However, the pattern of viral load improvement varied
among patients. In contrast, the viral load did not decrease
in patients with clinical progression. Results from sputum
samples showed similar copies to those from NP swabs;
however, they were not statistically analyzed because of the
small number of tests.
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Fig.2 Scatter plot and linear regression of the copy value of drop- p
let digital polymerase chain reaction (ddPCR) for the quantification
cycle (Cy) of reverse-transcription real-time polymerase chain reac-
tion (RT-qPCR) and Bland—Altman plots of the difference against the
mean for measured and predicted C, values. All positive RNA extract
samples with definite C; values and positive copy values within a lin-
ear range of ddPCR were analyzed. Log-scaled copy values (log cop-
ies/mL) of N1 (a—c) and N2 (d—f) were dotted for the Cq of each RT-
gqPCR target gene, RdRp, E, and N with paired Bland—Altman plots.
The linear regression line, equation, and R2 are displayed on each
graph. All pairs showed significant linear correlation (p < 0.01). In
each Bland-Altman plots, the x-axis was the average of measured Cy
values by RT-gPCR and predicted C, values using linear regression
function with the log-scaled copy value, and the y-axis was the differ-
ence of two values. The upper and lower limit of agreement was dis-
played with a horizontal dotted line, with the 95% confidence interval
presented in square brackets. SD standard deviation

4 Discussion

Droplet digital polymerase chain reaction is an ultra-sensi-
tive quantitative molecular technique that is advantageous
to other PCR-based methods given its resilience to inhibi-
tors and its precision [31-33]. There were many studies for
ddPCR to various targets, such as cytomegalovirus, hepa-
titis B virus, or norovirus quantification [19, 20, 32] and
detecting a subpopulation of oseltamivir-resistant influenza
A virus [21]. Human genome-like somatic mutation, copy
number variation, or microRNA are also candidate targets of
ddPCR [33-36], and in the field of detection and monitoring
of environmental pathogens, ddPCR is getting attention from
researchers [37]. Recently, SARS-CoV-2 has been studied
as a target molecule of ddPCR. Studies using laboratory-
developed primers and experimental protocols optimized for
ddPCR have shown high sensitivity and specificity [17, 18,
22-26]. However, most studies have been conducted using
a small number of clinical samples or reference materials.
Thus, we tried to evaluate and compare based on large sam-
ples taken from several centers to obtain relatively statisti-
cally robust results.

In this study, the Bio-Rad SARS-CoV-2 ddPCR kit dem-
onstrated excellent analytical performance including preci-
sion, linearity, and detection capability. This method is very
highly specific and sensitive based on a definite LOB of
0 copies/pL and LODs of N1 and N2 of 2 and 5 copies/
pL, respectively. These LOD values are also comparable to
those of RT-qPCR kits (4.03—4.81 copies/pL) [38]. We also
observed significant quantification results showing superior
precision within linearity ranges of N1 and N2 as 6-6825
and 6-5855 copies/pL, respectively.

Droplet digital polymerase chain reaction and RT-qPCR
showed substantial agreement. The copies of N1 and N2
were well correlated with each other, and with the Cq from
RT-qPCR. We observed several cases in which there were
divergent results between N1 and N2. This difference
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Table 2 Summary of discrepant test results from RT-qPCR and ddPCR

Interpretation of RT-

RT(+)dd(+) (n = 169)

RT(+)dd(-) (n = 4)

RT(=)dd(+) (n = 63)

RT(=)dd(-) (n = 130)

qPCR/ddPCR?*
RT-qPCR result (Cq)
RdRp 25.93 +13.56 36.78 + 1.44 - -
E 24.75 £ 13.94 34.64 +1.24 - -
N 25.86 + 15.76 38.8° - -
ddPCR result
N1
Copies/pL 410,133.56 + 2408396.28 0.11 £0.44 0.51 +1.28 0.09 + 0.38
Pos droplet 4804.83 + 11308.26 025+1 1.44 +3.84 0.21 +0.82
N2
Copies/pL 80,908.15 + 1057260.94 031 +0.42 1.17 £2.06 0.14 + 0.44
Pos droplet 4745.73 + 11248.94 0751 34+782 0.33 +0.94
Total droplet 12380.18 + 5981.22 12,571.5 + 4342 12,713.37 + 5123.78 11,486.87 + 5337.98
Total droplet 12,380.18 + 5981.22 12,571.5 + 4342 12,713.37 + 5123.78 11,486.87 + 5337.98

C, quantification cycle, ddPCR droplet digital polymerase chain reaction, Pos positive, RT-gPCR reverse-transcription quantitative real-time
polymerase chain reaction, SD standard deviation

“Indeterminate samples with one or more target gene C, values above the positive criteria were considered positive in the sample count, and

included in the qualitative analysis

There was only one sample

seemed to reflect various amounts of subgenomic RNA of
SARS-Cov-2 according to the position on the viral genome,
which was suggested by one SARS-CoV-2 transcriptome
study [8]. The quantitative difference in the SARS-CoV-2
RNA expression by positions and out-of-frame recombina-
tions of viral subgenomic RNA was revealed. These issues
suggest that multiple genomic targets are recommended in
nucleic acid amplification tests for SARS-CoV-2 to improve
the analytical sensitivity and prevent false-negative results.

We also identified a considerable number of samples with
discrepant qualitative results. These samples demonstrated
a very low viral burden. Three of four RT(+)dd(—) samples
were interpretated as “negative” in ddPCR according to the
criteria of instructions for use, but one positive droplet was
found in two samples (SC_185, SC_193) for N2, and in one
sample (SC_205) for both N1 and N2. Because these four
samples were taken from patients with confirmed COVID-19
during admission, it is reasonable that they were thought as
true-positives with a low viral burden. One sample (SC_130)
with no positive droplet in ddPCR was tested by the Real-Q
RT-qPCR Kit, which targets RdRp and E genes, not the N
gene. As a result, presence of the N gene was not confirmed
by RT-qPCR, thus there were three possible explanations: no
N gene component in the sample, or ddPCR failing to detect
the low burden of the N gene, or RNA degradation due to
the wrong storage condition. We investigated the data set
and discovered two samples (SC_131, SC_132) of the same
patient (SCMC117, described in Fig. 3b), taken on the same
day (PAD#4), showed positive results in both RT-qPCR and

ddPCR. These two samples were originated from sputum,
unlike a previous RT(+)/dd(—) sample extracted from a NP
swab. Three samples showed similar C; value patterns, thus
containing similar viral burdens was suggested; however,
RNA degradation could not be excluded for a relatively low
RP gene copy value of SC_130 (31.84 copies/puL) compared
with SC_131 (357.04 copies/pL) and SC132 (316.08 cop-
ies/pL). This extreme difference of the RP gene copy value
between the NP swab and sputum sample of the same day
was not observed in samples of other days. However, no fur-
ther investigation was made. Meanwhile, some RT(—)dd(+)
samples were taken from patients with COVID-19 after
improvement, while others were samples from patients who
were screened for COVID-19 infection. Because none of
these patients was diagnosed with COVID-19, we could not
provide confident evidence of true COVID-19 infection.
Nonetheless, considering the excellent sensitivity of ddPCR,
we suspected that some of these cases reflected asympto-
matic carrier status with a very low viral burden rather than
false-positives. Previous studies have demonstrated that
asymptomatic carriers with COVID-19 have a lower viral
load than do symptomatic patients, even though they still
have a certain period of viral shedding [39-41]. Further
long-term surveillance is needed in these asymptomatic
cases using virus nucleic acid testing. The characteristics of
the N gene, which is the most abundantly expressed gene in
SARS-Cov-2 transcription [8] that persists for the longest
period of time (compared with other genes in patients with
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Fig.3 Severe acute respiratory syndrome-related coronavirus 2 copy
value changes of confirmed patients in follow-up test samples. The
vertical axis reflects the copy value (copies/puL) and the horizon-
tal axis reflects the post-admission days. In each graph, the droplet
digital polymerase chain reaction test results were presented by full
or empty dots (nasopharyngeal [NP] swab, N1, and N2) and squares

COVID-19) [42], enhanced the possibility of true-positive
results in this study.

In this study, we monitored the viral load of eight patients
with COVID-19 and found that various changes occurred
with declining viral loads during improvement. Reverse-
transcription real-time polymerase chain reaction did not
provide quantitative results. Therefore, these variably
declining viral load patterns are not very informative dur-
ing treatment. Sometimes, the results are converted to posi-
tive after becoming negative. The quantitative ddPCR data
can provide serial changes in the viral burden to monitor
patients with COVID-19. We expect that further studies that
accumulate monitoring data will provide a guide for optimal
follow-up.

4.1 Limitations of this Study
Although we analyzed a large number of clinical samples,
this study has several limitations. First, although this study

was a focused comparison of RT-qPCR and ddPCR, we used
commercial kits so we could not customize primers or other
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(sputum, N1 and N2). Three patients, SCMC116, SCMC117, and
SCMC118 (a—c) were improved and transferred to residential treat-
ment centers. However, one patient, SCMC122 (d) worsened during
hospital admission and was transferred to the COVID-19 intensive
care system

reagents, and necessary information about the experimental
materials provided by kits was not obtained enough, such
as primer sequences. Furthermore, because of the differ-
ent input template volumes (4.5-10 pL) of each method,
it was impossible to fairly compare detection performance,
including LOD, between each method. Second, the influence
of the nucleic acid extraction process by different kits and
instruments and long-term preservation of the RNA extract
on ddPCR could not be fully evaluated because we used
remaining RNA samples. Additionally, quantification of RT-
gqPCR results using known standards simultaneously with
experiments to compare directly with the results of ddPCR
was impossible because of the limitation of a retrospective
study design. Third, we did not have access to all of the
follow-up data from patients with COVID-19 because they
were transferred to residential treatment centers after hospi-
tal discharge. A fourth limitation is that the significance of
RT(-)dd(+) cases was not fully elucidated. The question of
whether these results were false-positives or true-positives
from asymptomatic carriers must be addressed.



Performance of Droplet Digital PCR for SARS-CoV-2

627

5 Conclusions

Droplet digital polymerase chain reaction demonstrated
excellent sensitivity for SARS-Cov-2 detection and sus-
tained agreement with results from conventional RT-qPCR.
Furthermore, ddPCR provided quantitative data, which can
be used to monitor changes in the viral load over time in
patients with COVID-19. Our data support the use of ddPCR
for early viral detection from close contact individuals, mas-
sive screening, and environmental sample inspection, and to
confirm indeterminate results from RT-qPCR. Nevertheless,
further studies are needed to evaluate the utility of this test
in determining pre-symptomatic or asymptomatic states, and
assessing their clinical significance.
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